pared to the wt strain (Table 1) . In contrast, several 
Induction of the Iron Starvation Response Is Delayed nucleolytic pathways plays a role in limiting the aberin Yeast Strains Lacking Rnt1p Activity rant expression of iron uptake mRNAs in iron-replete
To confirm the results obtained from the microarray conditions, possibly as a mechanism to prevent intradata, we analyzed the expression of these RNAs in ironcellular iron toxicity.
replete conditions in wt and rnt1D strains by Northern blot. To compare the upregulation of genes observed in the rnt1D strain to the levels normally observed durResults ing iron starvation, we also loaded RNAs extracted from a wt strain shifted for 3.5 hr in low iron conditions.
A Subset of mRNAs Encoding Iron Uptake and Mobilization Proteins Is Upregulated
Northerns were calibrated by using two loading controls, the G3PDH probe described previously (Daninin Cells Lacking Rnt1p To gain insight into pathways controlled by the yeast Kreiselman et al., 2003) and a probe detecting the pyruvate decarboxylase PDC1 mRNA, which is unaffected RNase III Rnt1p, we compared gene expression profiles of isogenic wild-type (wt) and strains lacking Rnt1p by the absence of Rnt1p in our microarray analysis and whose stability and steady-state levels were shown to (rnt1D) by using microarrays. Genes upregulated in the absence of Rnt1p may represent previously unidenbe unaffected by iron starvation (Krieger and Ernst, 1994). These experiments confirmed the microarray tified Rnt1p mRNA targets. This analysis revealed that a subset of genes coding for proteins involved in the data ( Figure 1B ) and showed that genes found upregulated in the microarray analysis are expressed at higher iron starvation response are upregulated in the rnt1D strain (Table 1) . RNAs coding for the cell wall mannolevels in the rnt1D strain (e.g., ARN2, FRE3, FIT1, and FIT2). Genes that were unaffected as determined by proteins FIT1, FIT2, and FIT3, the iron reductases FRE2 and FRE3 mRNAs, and the siderophore bound iron microarrays, such as FRE1 and FET3, showed similar expression levels by Northern blot ( Figure 1B) . Some transporters ARN1, ARN2, ARN3, and ARN4 mRNAs were expressed at higher levels in the rnt1D strain comdiscrepancy was observed between the values ob- tained by microarrays and the levels detected by Northulated in the rnt1D cells (Table 1) , it is possible that ern blot (e.g., FIT2). This might be due to the very low the level of iron-sulfur clusters is higher in these cells, levels of expression of this RNA in iron-replete condiresulting in a lag of the transcriptional response. tions, which may bias the quantitative differences obtained by microarrays. In the case of FRE3 and FIT2, Mislocalization of Rnt1p in the Cytoplasm Inhibits mRNAs detected in rnt1D strain showed sizes that were the Iron Starvation Response similar to those observed in wt cells in low iron condiTo get further evidence that Rnt1p targets iron uptake tions. In the case of ARN2, ARN3, and FIT1, we also mRNAs, we analyzed the levels of these mRNAs during observed an accumulation of higher molecular weight iron starvation conditions when Rnt1p is mislocalized species in the rnt1D strain. The significance of these in the cytoplasm. Although Rnt1p is mostly nuclear and species is analyzed in detail below in the case of ARN2 nucleolar (Henras et al., 2004), iron uptake mRNAs are and ARN3. This experiment also confirmed that the expected to be exported rapidly after transcription and higher levels of the iron uptake mRNAs detected in the processing. Thus, if Rnt1p cleaves a minor nuclear fracrnt1D cells are not due to a constitutive iron starvation tion of iron uptake mRNAs that results in their nuclear response in this strain, as the level of mRNAs observed degradation, mislocalization of the protein in the cytoin the absence of Rnt1p is much lower than those obplasm may result in a higher fraction of transcripts served upon iron starvation in the wt strain ( Figure 1B showing that the essential functions of Rnt1p are re-E320K mutant strains, whereas the iron starvation retained in this particular mutant. We analyzed the exsponse could be readily induced in wt cells ( Figure 1C) . pression of iron uptake mRNAs in two isogenic yeast Note that the basal level of expression of these RNAs strains, a rnt1D knockout strain transformed with a (BPS + 10 M iron) is comparable in the rnt1D strain or plasmid expressing a wt RNT1 gene fused to the GFP the E320K mutant strain. This observation suggests (pUG35RNT1) or a C-terminal truncation lacking the that the iron starvation response is somehow perturbed NLS (pUG35RNT1⌬C11; Henras et al., 2004). Induction in cells lacking Rnt1p and that this perturbation is not of the iron starvation response was performed by shiftdue to the absence of the protein independently from ing the cells to a medium containing low iron, and RNAs its catalytic activity, as one could imagine if Rnt1p were prepared 3.5 hr after induction. Northern analysis played a role as a transcription factor for these genes.
showed that the levels of many iron uptake mRNAs deTo further investigate this phenomenon, we performed creased upon Rnt1p mislocalization in the cytoplasm, a time course of induction of these mRNAs in wt and whereas the PDC1, G3PDH, and RPL17 mRNAs were rnt1D cells after a shift to low iron medium ( Figure 1D ). unaffected ( Figure 2) . Strikingly, the levels of the FIT2 This experiment revealed that although the iron starvaand ARN2 mRNAs were reduced to background levels tion response could be induced after 2 to 3 hr in wt ( Figure 2A) . Surprisingly, some mRNAs previously cells, this response was delayed in rnt1D cells, with a shown by microarrays to be unaffected by Rnt1p ablag of several hours compared to the wt ( Figure 1D ; sence showed reduced levels when Rnt1p is mislocalnote the differences in the time points for wt and rnt1D ized in the cytoplasm (FRE1 and FET3). This observacells). This effect was observed for all mRNAs examtion suggests that Rnt1p might cleave a factor required ined, but the lag time and the plateau of expression for stability or expression of these mRNAs and that differed depending on transcripts. Some mRNAs were some of the effects observed are secondary. Nevertheexpressed at higher levels in cells lacking Rnt1p (FRE1), less, this experiment shows that mislocalization of some were expressed at similar levels in both strains Rnt1p in the cytoplasm is sufficient to reduce the levels (FIT2, FIT3, and FTR1), whereas some were expressed of many iron uptake mRNAs, reciprocating the results at higher levels in wt cells (FRE2 and FIT1). Whatever showing that the absence of Rnt1p results in an inthe final levels, the slope of induction of these genes creased expression of these mRNAs. was always much steeper in wt cells than in the rnt1D strain (data not shown).
Stem-Loop Structures that Obey Yeast RNase III The induction delay observed in the rnt1D strain
Cleavage Specificity Rules Are Found might be explained by different models. The higher in Some Iron Uptake mRNAs levels of iron uptake mRNAs detected in the rnt1D
In S. cerevisiae, RNase III specificity relies on the presstrain at time zero of the shift may result in an overall ence of double-stranded RNA structures capped by higher iron concentration in rnt1D cells. Therefore, it RNA tetraloops with the consensus sequence AGNN may take longer for rnt1D cells to deplete intracellular loop structure present in FIT1 contributes to the regulation of this mRNA, we performed an in-frame chromosomal deletion of 36 nucleotides of the FIT1 sequence mRNAs ( Figure 3A ). In the case of ARN2 and FRE3, two (indicated ⌬SL on Figure 3A ) that removes most of the potential AGNN-type tetraloops could be detected stem-loop structure, and we monitored the effect of this within the same mRNA ( Figure 3A ). In the case of the deletion on the FIT1 mRNA levels by Northern analysis FIT2 5#UTR, two stems, each capped with an AGNN after a shift to low iron conditions. This experiment tetraloop, could be detected. In the case of the FRE2 showed that deletion of the stem-loop structure re-ORF, a terminal UGAA tetraloop caps a stem adjacent sulted in a small but reproducible increase of the level to the translation stop codon (boxed in Figure 3A) , but of the FIT1 mRNA ( Figure 3C ), showing that this stem this type of tetraloop is consistent with Rnt1p specificloop contributes to controlling the level of this mRNA. ity (Wu et al., 2001 ). In contrast, no AGNN-type stemThe modest effect observed upon deletion of the stem loop structures could be found for the ARN1, CTH2, loop suggests that other degradation pathways may be ISU1, and ISU2 mRNAs, which were found upregulated rate limiting in these conditions. For example, it was in the rnt1D strain (Table 1) could not be detected, either in normal or low iron condegradation pathways of these intermediates (see below). However, we detected a significant accumulation ditions ( Figure 4A ; data not shown). This lack of detection may be due to expression levels, as cleavage interof many iron uptake mRNAs in RNAs extracted from the rrp6D strain grown in normal iron conditions ( Figure 1B) . Alternatively, the lack of detection in normal iron conditions. These results show that many iron uptake mRNAs accumulate when the nuclear exoof these species may be due to a redundancy in the some subunit Rrp6p is inactivated and identify an addipredominant species in the wt strain, whereas the slower migrating species was more abundant in the rnt1D tional surveillance pathway for iron uptake mRNAs. strain ( Figure 5B, left) . We inspected the ARN2 genomic locus and noticed the presence of a Ty5 long terminal
Rnt1p and the 5/3 Exonucleases Xrn1p and Rat1p repeat (LTR) located immediately downstream of the Cooperate in the Surveillance of Extended Forms
ARN2 ORF ( Figure 5A ). This observation suggested that of Iron Uptake mRNAs the slower migrating species corresponds to an exNorthern blot analysis of the FIT3 mRNA in the xrn1D tended ARN2-LTR fusion transcript rather than a norrat1-1 strain revealed the accumulation of a high momally 3#-processed ARN2 mRNA. To test this hypothelecular weight species in this strain ( Figure 4B ). This sis, we synthesized a probe hybridizing to the Ty5 LTR. species was also detectable in the rnt1D and rrp6D
This probe detected a single band, which corresponds strains to lower levels ( Figure 4B) , suggesting that to the slowest migrating band more abundant in the these nucleases cooperate in the degradation of these rnt1D strain ( Figure 5B, right) . The higher abundance of extended species of FIT3. We mapped these extended this Ty5 LTR product in the rnt1D strain was also found species by oligonucleotide-mediated RNase H digesin the microarray data (Table 1) . These observations tion, 5# rapid amplification of cDNA ends (RACE), and show that the faster migrating species corresponds to primer extension using reverse transcriptase (Figures the bona fide ARN2 mRNA, whereas the slowest mi-4C and 4D). RNase H mapping showed that these long grating species corresponds to a 3#-extended form of species correspond to colinear 5#-extended RNAs that the ARN2 mRNA containing the Ty5 LTR, which is subare transcribed from the same strand as the FIT3 mRNA ject to surveillance by Rnt1p, Xrn1p, and Rat1p. Cleav-( Figure 4C ). 5#RACE confirmed this observation and age in the ARN2 ORF is likely to participate predomidentified the 5# end of this extended species 3335 nuinantly in degrading these species, as 3#-extended cleotides upstream from the FIT3 translation intiation species may be more sensitive to nuclear surveillance codon (data not shown). The major stop of primer exthan regular mRNAs, possibly because normal mRNAs tension detected in the xrn1D rat1-1 mutant strain ( HPA3 probe showed that these species also hybridize 2004). A more baroque hypothesis would be that the to this probe ( Figure 5C ), confirming the hypothesis that FIT3 mRNA itself is processed from this long, extended they correspond to a dicistronic HPA3-ARN3 mRNA. species by Rnt1p and the 5#/3# exonucleases. How-HPA3 was expressed at similar levels in wt and rnt1D ever, the FIT3 gene is probably expressed from its own cells ( Figure 5C ), in agreement with the microarray data promoter, as sequences upstream from the FIT3 ORF (Table 1) activities are inactivated (rnt1D xrn1D rat1-1 or rrp6D After the observation made in Figure 1B , we further xrn1D rat1-1 triple mutant strains), suggesting a funcanalyzed the expression of the ARN2 mRNA in irontional redundancy in the degradation of these species. replete conditions in various exonucleases mutant Some larger species hybridizing to both HPA3 and strains and noticed the presence of two forms ( Figure  ARN3 probes were detected at lower levels, suggesting 5A). The slowest migrating form was present in the that these species contain in addition to HPA3 and rnt1D strain. This species was also more abundant in ARN3 additional 5# or 3# sequences. Because of their the xrn1D rat1-1 strain at permissive temperature, and low levels of detection, we were not able to map these its abundance was increased in the rnt1D xrn1D rat1-1 species further. We also detected 5#-extended species triple mutant strain, suggesting that the three nuof the HPA3 mRNA that appear more abundant in the cleases activities cooperate to discard this RNA in ironxrn1D rat1-1, rnt1D xrn1D rat1-1, and rrp6D xrn1D rat1-replete conditions. The fastest migrating form was de-1 strains. The labeling and identities of all of these spetected only in the xrn1D rat1-1 strain and in the cies were confirmed by hybridization to probes corrernt1Dxrn1D rat1-1 triple mutant strain when shifted to sponding to the region upstream from HPA3 and to the nonpermissive temperature (Figure 5A ), suggesting that HPA3-ARN3 intergenic region (data not shown). Rat1p plays a predominant role in degrading this particIn addition to these species, we detected species ular species in iron-replete medium. To better characthat hybridize to the ARN3 probe but migrate faster terize these species, we shifted wt and rnt1D cells to than the mature ARN3 mRNA (black box with an arrowlow iron conditions, and we analyzed the expression of head on Figure 5C ). These were detected in the xrn1D rat1-1 strain, but not in the rnt1D xrn1D rat1-1 strain. these two RNAs. The fastest migrating form was the (B) Expression of the ARN2 mRNA in low iron conditions in wt and rnt1D strains. Shown is the structure of the ARN2-Ty5 genomic region and the positions of the probes used for detection. Two different membranes generated from identical samples run on the same gel were hybridized to a probe hybridizing to the ARN2 ORF (#1, left) or to a probe hybridizing to the Ty5-LTR (#2, right). (C) Analysis of the expression of the ARN3 and HPA3 mRNAs in iron-replete conditions in the rnt1D strain and in 5#/3# and rrp6D exonuclease mutants. Shown is the genomic structure of the HPA3 and ARN3 loci. Different membranes generated from identical samples run on the same agarose gel were hybridized to an ARN3 probe or an HPA3 probe. Identification of the species was based on their estimated size and on their pattern of hybridization with the two probes and to probes hybridizing to the region upstream from HPA3 or between HPA3 and ARN3 (data not shown). The putative cleavage intermediate is indicated by an arrowhead. The HPA3 species that comigrate with these intermediates are indicated by an asterisk.
Because these species are detected in exonuclease
We note that these species migrate very similarly to species that hybridize to the HPA3 probe and are premutant strains, but not when Rnt1p activity is missing in the same exonuclease mutant background, they are sent in the same exonuclease strains (labeled with an asterisk on Figure 5C ). However, these do not correlikely to correspond to Rnt1p cleavage products. Due to their low level of accumulation, we were unable to spond to the same species, because the ARN3 cleavage intermediates accumulate predominantly at 25°C, map precisely the 5# end of these cleavage products.
whereas the HPA3 species are present at both 25°C is used primarily to fully repress genes whose expression would be potentially toxic in iron-replete condiand 37°C. We also note that the ARN3 mRNA is extions, whereas the Cth2p-mediated pathway is used to pressed at higher levels at 25°C in the exonuclease mudownregulate genes whose expression would be unfatant strains and that a shift to 37°C results in a disapvorable during iron starvation. For the most part, these pearance of the mature mRNA and in a smear of two degradative pathways do not overlap, i.e., they do extended species. This observation can be explained not affect the same genes, with the exception of FIT1 by the fact that the rat1-1 strain is defective in tranand FIT2 (Puig et al., 2005) . This lack of overlap makes scription termination (Kim et al., 2004) and that these sense, as genes targeted by the surveillance pathway species may correspond to ARN3 3#-extended species.
need to be expressed in iron starvation conditions, Overall, these results show that Rnt1p cleavage interwhereas genes affected by Cth2p are downregulated in mediates can be detected in vivo in the case of the the same conditions. However, the two pathways may ARN3 gene, providing further evidence for a direct role communicate, as we note that Cth2p is upregulated in for Rnt1p cleavage in the surveillance of iron uptake cells lacking Rnt1p (Table 1) . mRNAs. In addition, these results show that Rnt1p, We show that both normal and extended forms of Xrn1p, and Rat1p participate in the surveillance of abthese iron uptake mRNAs are detected in ribonuclease errant species that are either 5# extended, 3# extended, mutants, suggesting that surveillance activities target or polycistronic.
normal mRNAs produced by background levels of transcription of these genes as well as extended forms that Yeast Cells Lacking RNase III Are Hypersensitive result from aberrant transcription initiation, termination, to Iron Toxicity or deficient mRNA cleavage and polyadenylation. The To understand the biological significance of the inextended forms show either a 5# extension (FIT3 and volvement of Rnt1p in the metabolism of iron uptake ARN3) or a 3# extension (ARN2). These extended forms mRNAs, we reasoned that cells might need to shut off could result from a background level of readthrough by production of the corresponding proteins very rapidly the transcriptional machinery from the upstream tranwhen iron is available to avoid an uncontrolled cellular scription unit in the case of FIT3 and ARN3 or through influx of iron that would lead to iron-induced toxicity the downstream transcription unit (a Ty5 LTR) in the ("iron shock"). Rnt1p-mediated cleavage of these case of ARN2. In the case of FIT3, the upstream tranmRNAs may participate in such a mechanism. If this scription unit does not seem to produce any normal hypothesis is true, cells lacking Rnt1p are expected to mRNA, as we were unable to detect any transcript hybe hypersensitive to high iron concentrations because bridizing to a probe covering the FIT3 5# extension in of their reduced capacity to discard these mRNAs. Inwt cells (data not shown). Alternatively, it is possible deed, cells lacking Rnt1p were unable to grow on a methat inactivation of the Rat1p exonuclease results in dedium containing high iron concentrations (5 mM, no fective termination, as suggested recently (Kim et al., chelator, Figure 6 ). In contrast, wt cells were able to 2004). However, the fact that extended species are also grow in high iron conditions, and both strains grew well detected in the rnt1D strain, where Rat1p activity is prein medium iron concentrations (Figure 6 ). The inability sent, suggests that these species accumulate indepenof cells lacking Rnt1p to grow in high iron conditions is dently from a termination defect due to defective Rat1p not due to their reduced capacity to grow in generally activity in the rat1-1 background. harsh environments, as these cells grew well in high The surveillance of these mRNAs suggests a mechaosmolarity conditions (SD + 1 M NaCl, Figure 6 ). This nism by which Rnt1p cleavage is followed by a degragrowth test validates the prediction that Rnt1p-medidation of cleaved intermediates by various exonucleoated RNA surveillance is necessary to discard iron uplytic pathways. We were able to detect species that take mRNAs that may accumulate aberrantly during correspond functionally to Rnt1p cleavage intermedinormal or high iron conditions or discard these mRNAs ates in the case of ARN3 ( Figure 5C ), but due to their rapidly when cells are exposed to rapid variations of very low abundance, we were unable to map these speextracellular iron concentrations. We did not notice cies accurately. The mRNAs or the extended species such hypersensitivity of other ribonuclease mutant can also be discarded through purely exonucleolytic strains (rrp6D or xrn1D rat1-1 strains) to high iron conpathways, as we detect significant levels of accumuladitions (data not shown), suggesting that Rnt1p plays tion of these transcripts in various exonuclease mutant a major role in the surveillance of these iron uptake strains. The functional redundancy of these degradamRNAs.
tion pathways is reminiscent of the redundancy observed for 5# processing of snoRNAs (Lee et al., 2003) Discussion and partially explains why Rnt1p cleavage intermediates are hardly detectable for other transcripts. It is In this study, we show that a subset of mRNAs encodalso possible that given the very low levels of expresing iron uptake or mobilization proteins are expressed sion of full-length mRNAs detected in iron-replete conat low but constitutive levels in strains where several ditions in exonuclease mutant strains, cleaved intermeribonucleases activities are missing. These observadiates, which accumulate at 5% of the levels of mature tions suggest that RNA surveillance is used to limit the species ( (FRE2 and FRE3) .
